Aims/hypothesis This paper presents a rationale for the selection of intermediate endpoints to be used in the design of type 1 diabetes prevention clinical trials. Methods Relatives of individuals diagnosed with type 1 diabetes were enrolled on the TrialNet Natural History Study and screened for diabetes-related autoantibodies. Those with two or more such autoantibodies were analysed with respect to increased HbA 1c , decreased C-peptide following an OGTT, or abnormal OGTT values as intermediate markers of disease progression. Results Over 2 years, a 10% increase in HbA 1c , and a 20% or 30% decrease in C-peptide from baseline, or progression to abnormal OGTT, occurred with a frequency between 20% and 41%. The 3-to 5-year risk of type 1 diabetes following each intermediate endpoint was high, namely 47% to 84%. The lower the incidence of the endpoint being reached, the higher the risk of diabetes. A diabetes prevention trial using these intermediate endpoints would require a 30% to 50% smaller sample size than one using type 1 diabetes as the endpoint. Conclusions/interpretation The use of an intermediate endpoint in diabetes prevention is based on the generally held view of disease progression from initial occurrence of autoantibodies through successive immunological and metabolic changes to manifest type 1 diabetes. Thus, these markers are suitable for randomised phase 2 trials, which can more rapidly screen promising new therapies, allowing them to be subsequently confirmed in definitive phase 3 trials.
Introduction
The notion of alternative type 1 diabetes prevention strategies is consistent with a concept of diabetes as a continuum, ranging from normal glycaemic control to the need for exogenous insulin therapy. The process is thought to begin with an unknown initiating event, followed by: (1) an immunological host response (T cell, B cell and islet cell autoantibodies [ICAs]); (2) metabolic changes (impaired glucose tolerance) after an OGTT; (3) loss of first-phase insulin response to an intravenous glucose tolerance test; (4) loss of C-peptide; and (5) elevated HbA 1c . Dysglycaemia, and eventually increased fasting or postprandial glucose levels, meet the definition of diabetes and warrant exogenous insulin therapy [1] . However, in light of the continuum of disease progression, type 1 diabetes should be diagnosed at the beginning of this process, i.e. at the first indication of an autoimmune response, rather than at its end when glucose levels reach a threshold for intervention. Disease progression within the continuum follows definable and measurable steps, which, as individuals progress from one step to the next, reach the point when insulin replacement therapy is warranted to prevent acute and long-term health effects [2] . Previous studies have shown that the accumulation of these Details of the Type 1 Diabetes TrialNet Study Group (co-authors) are provided in the electronic supplementary material (ESM) Appendix.
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A prevention strategy is designed to prevent or delay disease progression from one step to the next. When designing prevention strategies, a step should be defined as a measurable change in an immunological or metabolic measure that is associated with a significant increase in the risk of requiring exogenous therapy. In terms of clinical trial design, the transition to an intermediate step should occur with reasonable frequency (incidence) in a relatively short period of time, if the step is to be a valuable alternative to the planning of studies with type 1 diabetes (as currently defined) as the endpoint.
Current prevention strategies use the diagnosis of diabetes as their endpoint. The problem of finding a population in which the incidence of type 1 diabetes is high enough for the effect of a preventative intervention to be observed and tested means that prevention strategies are often limited to the study of individuals with high-risk genetic characteristics or individuals who have already transitioned to the first step in disease progression, i.e. the presence of multiple diabetes-related autoantibodies. In the former case, the highest genetic risk (HLA-DR3/DR4) is associated with a 10 year estimated type 1 diabetes incidence of 10% and the trial sample size would be >2,000 to detect a 40% effect [5] . In the latter example, the presence of two or more diabetes-related autoantibodies is associated with a 5 year estimated type 1 diabetes incidence of 30 to 50% and the sample size would be >330 to detect the same 40% effect [6] . To find participants with the required genetic or autoimmune characteristics, the study populations would be limited to those identified by screening of first-or seconddegree relatives of individuals with established type 1 diabetes, even though they represent only 15% of those affected with the disease.
These current strategies require the screening of relatively large numbers of individuals to identify the few with increased type 1 diabetes risk (40% with high-risk HLA or 1-2% with multiple diabetes-related antibodies in relatives of individuals diagnosed with type 1 diabetes [5, 7] ); these must then be enrolled in a prevention trial and followed for 5 to 10 years after enrolment. It generally takes 4 to 7 years to identify the requisite target population size, necessitating a time commitment of up to 15 years from study outset to the end of follow-up for current diabetes prevention studies. Thus a design requiring fewer participants and with an endpoint that can be reached in a shorter time would be more efficient.
This paper describes the use of intermediate endpoints for diabetes prevention trials, based on changes in HbA 1c or C-peptide and glucose following an OGTT in a population with the following characteristics: (1) relatives of type 1 diabetes patients; (2) presence of several diabetes-related autoantibodies and a normal OGTT. Each intermediate endpoint was evaluated according to its incidence within 2 years of baseline and the associated risk of diabetes calculated once that endpoint had been observed.
Methods
The data used for this analysis come from the TrialNet Natural History Study [7] . The study was approved by the responsible Ethics Committees (Institutional Review Boards) and all study participants provided informed consent according to institutional policy.
First-degree (age 1-45 years) and second-degree (age 1-20 years) relatives of individuals diagnosed with type 1 diabetes were screened for diabetes-related ICAs and the following biochemical autoantibodies: GADA, insulin autoantibodies, insulinoma-associated protein 2 (islet antigen-2) antibodies and zinc transporter autoantibodies (ZnT8A). ICA and ZnT8A were tested in participants who were positive for one of the other autoantibodies. Individuals who tested positive for two or more of the antibodies were screened every 6 months by OGTT and HbA 1c determination. Blood samples were sent to TrialNet core laboratories (University of Colorado, Aurora, CO, USA; University of Washington, Seattle, WA, USA; University of Florida, Gainesville, FL, USA) for central analysis. C-peptide concentrations were measured from frozen plasma using a two-site immunoenzymometric assay (Tosoh Bioscience, South San Francisco, CA, USA). HbA 1c was measured by ion-exchange HPLC (Variant II; Bio-Rad Diagnostics, Hercules, CA, USA). Details of the protocol and the antibody assays, along with their coefficients of variation and performance in external quality control programmes, have been previously published [7] .
The proposed intermediate endpoints are relative changes from baseline in: (1) HbA 1c (≥10% relative increase); (2) C-peptide (decrease of ≥20% and ≥30%); and (3) glycaemia, i.e. dysglycaemia following an OGTT (impaired fasting glucose, indeterminate glucose tolerance [at least one glucose measurement of ≥11.1 mmol/l at 30, 60 or 90 min] or elevated 2 h postprandial glucose according to the American Diabetes Association (ADA) criteria [2] ). Their incidence and the incidence of diabetes from the time that the intermediate endpoint was observed were estimated using survival methods (Kaplan-Meier [8] with Greenwood estimates of their standard errors [9] ). Because of the known glucose level variability following an OGTT, dysglycaemia had to be confirmed by a subsequent OGTT for this endpoint to be considered to have been met. Confirmation of the other endpoints was not required in this analysis. The C-peptide AUC was computed using the trapezoidal rule, which is a weighted sum of the fasting and the 30, 60, 90 and 120 min values.
Results
The dataset for this analysis is based on the cumulative screening of 93,877 individuals in the TrialNet Natural History Study, of whom 1,151 (1.2%) were found to have two or more diabetes-related autoantibodies at screening, and had baseline and follow-up OGTTs [7] . Their demographic characteristics and antibody status are described in Table 1 .
Relative to the HbA 1c value at baseline, increasing values were associated with an increased risk of diabetes. Figure 1a shows that the 2 year incidence of a 10% increase in HbA 1c was 20% and the 3 year incidence of type 1 diabetes from the time of the change in HbA 1c (Fig. 1b) was 84%. The incidence of diabetes continued to increase with time, but the number of individuals followed for a longer period of time was too small to make a reliable estimate.
Another possible intermediate endpoint is the occurrence of dysglycaemia as defined by an abnormal OGTT confirmed on two occasions. The 2 year risk of progressing from normal OGTT to dysglycaemia in participants with two or more diabetes-related autoantibodies was 41% (Fig. 1c) . The type 1 diabetes risk from the time of the confirmed abnormal glucose tolerance test was 74% at 4 years (Fig. 1d) .
As shown in Fig. 2a , the estimated 2 year incidence of a 20% decline in C-peptide AUC was 39%; that of a 30% decline was 20% (Fig. 2c) . The corresponding 4 year type 1 diabetes risk for the respective decrease in C-peptide was 47% (Fig. 2b) and 50% (Fig. 2d) , respectively.
Generally, the larger the change from baseline, the greater the risk of diabetes. However, the incidence of that change declines as the magnitude of the change increases (Fig. 3) . In addition, the increase in the risk of diabetes associated with an increasing loss of C-peptide is not nearly as steep as that associated with relative increases in HbA 1c . Thus a 20% increase in HbA 1c was associated with a nearly 100% risk of type 1 diabetes over 3 to 5 years, but occurred with only a 10% incidence compared with a smaller, 5% increase in HbA 1c , which had a lower (60%) risk of type 1 diabetes, while occurring at a much higher (40%) incidence. This dramatic rise in type 1 diabetes risk was not seen with increasing loss of C-peptide (the curve is much flatter). This suggests that raising that intermediate endpoint (i.e. greater loss of C-peptide as endpoint) would not change the diabetes risk, but would reduce the incidence of that endpoint being reached.
In terms of the positive predictive value of each intermediate endpoint for subsequent diagnosis of type 1 diabetes, 98% and 96% of those who reached the endpoints of a 10% increase in HbA 1c and confirmed dysglycaemia in 2 years were indeed subsequently diagnosed with type 1 diabetes by year 5. Of those who reached the 2 year endpoint of a 20% or 30% decrease in C-peptide, 78% and 76%, respectively, were diagnosed with type 1 diabetes within 5 years.
Discussion
These analyses demonstrate that changes in metabolic markers occurring within 2 years of a baseline visit, at which participants were identified as being multiple autoantibodypositive, are associated with a dramatically increased risk of type 1 diabetes. The implication for type 1 diabetes prevention trial designs is that smaller sample sizes are required to test the efficacy of a diabetes prevention intervention and that trials can be completed in a shorter time. Thus the larger the incidence rate of the proposed intermediate endpoint (not the magnitude of the change itself), the smaller the target sample size needed to observe the same effect size in a clinical trial.
Depending on the intermediate outcome chosen, the sample size required to see a 40% effect with only 2 years of recruitment and 2 years of follow-up from the date the last person is recruited can be as low as 179, or nearly half that of current diabetes prevention trials, with trial completion being concluded in much less time (Table 2) . Moreover, trials could be designed to enrol even fewer participants by following those enrolled for a longer period of time. Enrolment rates and pre-specified follow-up periods determine the target sample size. Importantly, the choice of an intermediate endpoint reduces the screening burden required to identify the target population of multiple autoantibody-positive participants to be enrolled in a prevention trial, given that, on average, 50 to 100 individuals need to be screened to identify one with multiple autoantibodies [7] . Fig. 1 (a) The 2 year incidence of a 10% increase in HbA 1c from baseline was 20% (standard error 2%, grey shading) and was associated (b) with an 84% (standard error 4%) risk of type 1 diabetes at 3 years from that time-point. (c) The 2 year risk of progressing to confirmed dysglycaemia was 41% (standard error 2%) and was associated (d) with a 74% (standard error 3%) risk of type 1 diabetes at 4 years from the time dysglycaemia was confirmed The advantage of an intermediate marker is that it occurs relatively quickly and is associated with a significant increase in the incidence of type 1 diabetes, hence the focus on 2 year endpoint incidence and type 1 diabetes risk at 3 to 5 years. The use of intermediate endpoints in type 1 diabetes prevention trials is only helpful if the endpoint has clinical validity as an accepted marker of disease progression. The intermediate endpoints suggested in this analysis do not meet the high standard of a surrogate endpoint [10] ; that is, these intermediate endpoints do not have sufficiently high sensitivity and specificity to replace a diagnosis of diabetes as endpoint. Nonetheless, they do enable assessment of the ability of an experimental intervention to limit progression from one diabetes risk level to a higher risk level. Contrary to the thrust of discussion in the literature, the intermediate endpoints used here do have a biological significance based on our understanding of the pathogenesis of type 1 diabetes, and it is this that makes them appealing in this setting. Furthermore, while they cannot replace definitive phase 3 trials, they can serve as acceptable endpoints for randomised phase 2 trials designed to permit early indication of treatment efficacy. Indeed, a randomised phase 2 study using the proposed intermediate endpoints is conceivable, in which, as in a phase 3 design, the participants would be followed until diagnosed with type 1 diabetes, if the phase 2 stage suggested that the intervention was effective. The follow-up period could be extended to compensate somewhat for the lower statistical power due to the smaller sample size. This could be an acceptable strategy, as power would be less of a concern if the phase 2 portion of the study were positive.
This approach leads naturally to the identification of subpopulations at different risk levels, within which there may be alternative intervention opportunities with alternative endpoints (e.g. the reversal of dysglycaemia, progression of dysglycaemia to diabetes and even the prevention of multiple diabetes-related antibodies in a population in which only one antibody has been found to be positive). Thus the future of diabetes prevention strategies may be built round the recognition that individuals transition from one immunological or metabolic state to another as they progress towards loss of the ability to produce sufficient insulin for normal glycaemic control. As a result, intervention strategies could be geared to reducing the probability of transitioning from one state to another, leading to the consideration of new treatment strategies and alternative endpoints that can be addressed relatively quickly compared with current strategies focused on the prevention of type 1 diabetes as endpoint.
The analysis presented is not without limitations. Although the TrialNet population is very large and was studied in a systematic way, with central processing of samples and careful attention to quality control, the follow-up is relatively short and the number of participants followed for up to 4 years is still small in some cases. Hence, the 3 and 4 year estimates of diabetes risk may be subject to some variability. The strength Fig. 3 The risk of type 1 diabetes as a function of the magnitude of the change from baseline in C-peptide or HbA 1c . A larger increase in HbA 1c (which occurred at a lower incidence) was associated with a dramatic rise in type 1 diabetes risk (steeper slope), a development not seen with C-peptide loss (flatter slope) Furthermore, while the observed rates of progression in the TrialNet study may differ by age of the participant, genetic predisposition (i.e. HLA), the titres of specific autoantibodies present (as opposed to the number of autoantibodies) or other demographic characteristics (e.g. family relationship to the proband with diabetes), these variables can nevertheless be taken into account in a prior or subsequent stratification. Their relative frequency in a proposed study may alter somewhat the exact target numbers of a planned trial.
This paper contends that the intermediate endpoints used describe the progression from normal to type 1 diabetes and that the transition from one level of risk to another enables the selection of specific targeted interventions and subpopulations in prevention trial design. The 10%, 20% and 30% changes in HbA 1c and/or C-peptide, and even the definition of dysglycaemia, are all rather arbitrary and future research should determine whether other thresholds are better for the purpose of trial design. Inspection of the cumulative incidence curves and the trade-off between marker change and diabetes risk (Fig. 3) would suggest that the relationship is continuous and there is no special threshold. But, we leave that problem to future studies.
